IntroductIon
Autophagy describes a group of at least three evolutionary conserved cellular degradation processes in eukaryotes that deliver cytoplasmic constituents for lysosomal degradation (Mizushima and Klionsky, 2007) . These are macro-, micro-, and chaperone mediated autophagy. During microautophagy the lysosomal membrane invaginates and buds into the lysosomal lumen taking a portion of cytoplasm with it into lysosomal break-down. This pathway, however, has so far only been described in yeast and a clear demonstration that it also occurs in higher eukaryotes is still lacking. During chaperone mediated autophagy proteins with a KFERQ recognition sequence are transported across the lysosomal membrane for degradation (Massey et al., 2006) . For this purpose cytosolic chaperones, including HSC70 members, recognize KFERQ, dock to Lamp2a in the lysosomal membrane and are then assisted by another HSC70 member in the lysosomal lumen to import substrates into lysosomes. This process is also conserved in higher eukaryotes, but it remains unclear to which extent it contributes to protein turn-over in the steady-state, since it has primarily been studied under extreme starvation conditions. Macroautophagy as the third pathway is characterized by de novo formation of a doublemembrane engulfed vesicle, the autophagosome, which then fuses with late endosomes or lysosomes for the degradation of its cargo. Autophagosomes can form from membranes of multiple sources, probably depending on the location of their cargo and initiation signals for vesicle formation. These membrane sources include the rough endoplasmic reticulum (Hayashi-Nishino et al., 2009; YlaAnttila Vihinen et al., 2009) , the Golgi apparatus (Lynch-Day et al., 2010; Yen et al., 2010) , the outer nuclear membrane (English et al., 2009) , the outer mitochondrial membrane (He et al., 2006; Hailey et al., 2010) , and the plasma membrane (Ravikumar et al., 2010) . Autophagosome formation and degradation requires more than 30 gene products, so called autophagy-related (Atg) proteins. The site explored in some depth, and the gained knowledge also favored investigations of this particular autophagy pathway during innate immune responses.
Accordingly, I will primarily summarize the evidence that innate immune recognition regulates macroautophagy, how macroautophagy modulates innate immune recognition in return, which effector functions for innate immunity can be mediated by macroautophagy and how these effector functions might restrict pathogens and commensals in vivo both in animal models and even in humans.
PAMP MedIAted MAcroAutoPhAgy regulAtIon
Originally macroautophagy has been described as a response to starvation, recycling cytoplasmic constituents to generate energy and macromolecular building blocks for cell survival. The signals leading to macroautophagy up-regulation in response to amino acid deprivation and growth factor withdrawal have now in part been described (He and Klionsky, 2009 ). In addition, more recently it has been appreciated that pathogen detection can also up-regulate macroautophagy as an innate immune effector function . Recognition of pathogen associated molecular patterns (PAMPs) or pathogen induced changes in cell organelles stimulate macroautophagy (Figure 2) . Although intuitively one would predict from the role of macroautophagy in cytosolic organelle and protein aggregate clearance that cytosolic PAMP recognition might preferentially enhance this pathway, but PAMP recognition receptors (PRRs) recognizing extra-and intra-cellular structures have been described to up-regulate macroautophagy. This already point to functions of macroautophagy beyond just engulfment of intracellular microbes for their degradation in lysosomes, and these additional effector functions of macroautophagy will be discussed in the fourth section of this review. With regard to surface and endosomal receptors that trigger macroautophagy mainly toll like receptors (TLRs) were so far evaluated for macroautophagy regulation (Sanjuan et al., 2007; Delgado et al., 2008; Shi and Kehrl, 2008) . Among these TLR4, the receptor for bacterial lipopolysaccharide (LPS), and TLR7, a receptor for single stranded RNA, have been reported to induce the strongest autophagosome accumulation in the mouse macrophage cell line RAW264.7 (Xu et al., 2007; Delgado et al., 2008; Shi and Kehrl, 2008) . However, up-regulation of macroautophagy by TLR4 has less consistently been observed with primary bone marrow derived mouse macrophages. While some investigators have reported such macroautophagy increase (Travassos et al., 2010) , others have failed to observe this (Saitoh et al., 2008) . TLR4 recruits upon LPS engagement the adaptor molecules MyD88 and Trif, which in turn bind ubiquitinated Atg6/ Beclin-1 to enhance macroautophagy Kehrl, 2008, 2010) , possibly by initiating autophagosome formation at the cell membrane (Ravikumar et al., 2010) . Therefore, TLR signaling seems to up-regulate macroautophagy in mouse phagocytes, but which PAMPs achieve this in human cells and which pathogens relevant to human disease are affected by it, remains to be determined.
In addition to TLR mediated up-regulation, cytosolic PRRs have also been demonstrated to up-regulate macroautophagy. These are the bacterial peptidoglycan receptors PGRP-LE in Drosophila and NOD1 and two in mammalian cells (Yano et al., 2008; Cooney et al., 2010; Travassos et al., 2010) . The NOD molecules recruit Atg16L1 to the bacterial entry site for efficient degradation of invading pathogens (Travassos et al., 2010) . Apart from bacterial peptidoglycan Endosome/ Lysosome Autophagosome FIGuRe 1 | Macroautophagy delivers cytoplasmic constituents to lysosomal degradation via the formation of an autophagosome. While PI3 generated by Beclin-1 containing complexes (PI3 kinase, Beclin-1, VPS15, and Atg14L) marks sites of autophagosome generation, two ubiquitin-like systems are required to form autophagosomes at these sites. Atg12 is coupled to Atg5 by the indicated E1-like and E2-like enzymes Atg7 and Atg10, and associates with the outer membrane of the emerging autophagosome in complex with Atg16L. The complex guides ligation as an E3-like enzyme of Atg8, whose best studied mammalian homolog is LC3, to the outer and inner autophagosomal membrane. Prior to coupling Atg8/LC3 is processed by Atg4 and activated via the two E1-and E2-like enzymes Atg7 and Atg3. Upon completion of the autophagosomes the Atgs recycle from the outer membrane, while Atg8/LC3 is degraded with the inner autophagosomal membrane as well as the autophagosome content upon fusion to lysosomes. Jackson et al., 2005) . Furthermore, binding of the human immunodeficiency virus (HIV) envelope protein to the chemokine receptor CXCR4 augments macroautophagy and seems to enhance bystander T cell death for immune escape (Espert et al., 2006) . Finally, primarily two virus families, the herpes-and the flavi-viruses, have been described to enhance macroautophagy via the unfolded protein response (Sir et al., 2008; Lee et al., 2009; Dreux and Chisari, 2010; Lin et al., 2010) , and thereby gain benefits for viral replication and latent to lytic infection transition (Dreux et al., 2009; Lee and Sugden, 2008; . In addition to these beneficial effect of macroautophagy up-regulation for pathogens, other microbes also inhibit this pathway during infection, and these immune escape strategies from innate effector function will be discussed below.
MAcroAutoPhAgy ModIfIcAtIon of PAMP recognItIon
While TLRs and NLRs enhance macroautophagy and little is know so far about C-type lectin receptor (CLR) interaction with this pathway, other cytosolic PAMP recognition pathways seem to be negatively impacted by macroautophagy (Figure 2 ). Along these lines, dsRNA recognition by RNA helicases of the family of RLRs is augmented in macroautophagy deficient cells (Jounai et al., 2007; Tal et al., 2009 ). The Atg12-Atg5 complex seems to directly associate with RIG-I and its adaptor IPS-1 to inhibit viral RNA induced type I IFN production (Jounai et al., 2007) . Moreover, the accumulation of damaged mitochondria in macroautophagy deficient cells and the associated increase in reactive oxygen species (ROS) production, seem to enhance RLR activity in response to viral infections (Tal et al., 2009 ). Thus, RLR recognition of cytosolic dsRNA is attenuated by macroautophagy. Parallel to decreasing cytosolic RNA recognition, macroautophagy enhances delivery of viral RNA replication intermediates to TLR containing endosomes (Lee et al., 2007) . TLR7 dependent recognition of these single-stranded RNAs (ssRNAs) is essential for IFN-α production by vesicular stomatitis (VSV) and Sendai virus infected plasmacytoid dendritic cells (DCs), and depends on macroautophagy (Lee et al., 2007) . Similarly, endocytosed DNA seems to be targeted to TLR9 containing endosomes via macroautophagy detection, double-stranded RNA (dsRNA), a PAMP associated with viral replication, stimulated the IFN-inducible eIF2 kinase PKR (dsRNA-dependent protein kinase) to induce macroautophagy in herpesvirus infected cells (Talloczy et al., 2002) . Therefore, PKR and NOD molecules seem to stimulate macroautophagy upon cytosolic pathogen recognition. In contrast, NOD-like receptors (NLRs) that give rise to inflammasomes and RIG-I like receptors (RLRs) are negatively regulated by macroautophagy, as will be discussed below.
In addition to direct macroautophagy up-regulation after PAMP recognition, cytokines that are produced in response to pathogen detection, have also been identified as modulators of macroautophagy. Initially, IFN-γ was identified to mediate Mycobacterium tuberculosis clearance in part via up-regulation of macroautophagy (Gutierrez et al., 2004) . However, similar to PRR mediated macroautophagy modulation, this effect was more pronounced in the mouse macrophage RAW264.7 or human macrophage THP-1 and U937 cell lines, than in primary human or mouse macrophages (Harris et al., 2007) . In contrast to the cell-mediated immunity supporting cytokine IFN-γ, cytokines associated primarily with humoral immune responses, like IL-4 and IL-13, seemed to rather inhibit macroautophagy (Harris et al., 2007) . Furthermore, TNF-α was reported to induce macroautophagy in cells with low NF-κB activation (Djavaheri-Mergny et al., 2006) . These included Ewing sarcoma cells, in which NF-κB activation was compromised and skeletal muscle cells (Keller et al., 2011) . In good agreement with TNF-α induced macroautophagy in myocytes, muscle fibers of patients with inclusion body myositis, a myopathy with chronic inflammation, harbored increased numbers of autophagosomes and were surrounded by proinflammatory infiltrates. These findings suggest that pathogen recognition can up-regulate macroautophagy directly via some PRRs and indirectly via cytokines that are produced upon pathogen triggered immune activation.
Unrelated to PRRs and cytokines, macroautophagy can also be enhanced by pathogens for their benefit. The prototypic example for this is poliovirus infection, during which the viral 2BC and 3A proteins induce the accumulation of Atg12 and Atg8/LC3 dependent double-membrane vesicles for viral replication (Dales et al., 1965 ; processing of extracellular antigen by DCs was compromised by Atg5 deficiency in this cell subset, and this was due to diminished lysosomal hydrolase recruitment to endocytosed material (Lee et al., 2010) . The enhanced phagosome maturation via Atgs seems to require either NADPH oxidase activity or diacylglycerol production at the bacterial pathogen containing endosomes in mouse myeloid cells (Huang et al., 2009; Shahnazari and Brumell, 2009 ). However, the nature of the quality conferred by autophagosome or just Atg recruitment to phagosomes that allows more efficient fusion with lysosomes remains to be determined. In addition to these bactericidal effector functions in endosomes, supported by macroautophagy, the autophagic machinery seems to also support bactericidal peptide release at mucosal surfaces ( Figure 3C) . Paneth cells at the base of ileal crypts suffer aberrant packaging and reduced exocytosis of antimicrobial granules from the hypomorphic down-regulation of Atg16L1 expression (Cadwell et al., 2008) . Moreover, this aberration was only observed upon coinfection with the murine norovirus, a positive strand RNA virus (Cadwell et al., 2010) . Therefore, macroautophagy assistance for exocytosis of bactericidal granules seems to be mainly important during enteric infections.
An indication that these macroautophagic effector functions are interfering with pathogen replication is provided by the many mechanisms by which viruses and bacteria interfere with either autophagosome formation or fusion with lysosomes (Schmid and Münz, 2007 ). An exhaustive list of such pathogens and their immune escape strategies targeting macroautophagy is beyond the scope of this review and has been recently summarized elsewhere (Levine and Deretic, 2007) . Thus, I will just high-light some genin B cells (Chaturvedi et al., 2008) , possibly assisting autoantibody production in systemic lupus erythematosus patients. These findings indicate that macroautophagy enhances PAMP delivery to endosomal TLRs.
Among the NLRs, NOD1 and two seem to up-regulate macroautophagy in mouse phagocytes and human DCs as discussed above, whereas signaling through other members of this family that initiate inflammasome formation is inhibited by macroautophagy and deficiency in inflammasome components increases macroautophagy in Shigella flexneri infected macrophages Saitoh et al., 2008) . Indeed, loss of Atg16L1 increases IL-1β secretion by mouse macrophages, which depends on inflammasome activated caspase 1 processing. This increased IL-1β production worsens dextran sulfate sodium induced colitis in mice. The negative regulation of inflammasome dependent inflammation was suggested to be directly mediated via inflammasome degradation by macroautophagy (Harris et al., 2009) , but this needs to be experimentally confirmed. In addition, it remains also unclear which inflammasomes are affected by negative regulation via macroautophagy and if the various inflammasome scaffolds are regulated differently. Thus, both RLR and inflammasome signaling in response to PAMP recognition are inhibited by macroautophagy, while the same pathway delivers RNA and DNA for endosomal PRRs.
effector MechAnIsMs of MAcroAutoPhAgy for InnAte PAthogen restrIctIon
PAMP recognition receptors mediated macroautophagy up-regulation is able to exert innate restriction of intracellular pathogens, both those that escape endosomes and others that condition phagosomes to become their replication compartments (Münz, 2009 ). The first pathogens described in these categories were group A Streptococci and Mycobacterium tuberculosis, respectively (Gutierrez et al., 2004; Nakagawa et al., 2004) . Initially it was just assumed that macroautophagy delivers these pathogens for lyosomal degradation, thereby limiting pathogen burden in infected cells ( Figure 3A) . However, recently it has become apparent that macroautophagy delivers in addition substrates that are then converted into bactericidal peptides by lysosomal hydrolysis (Figure 3B ; Alonso et al., 2007; Ponpuak et al., 2010) . In both instances ubiquitin itself or proteins containing a ubiquitin-like domain, like the ribosomal protein S30 (rpS30) precursor Fau, are transported into Mycobacterium tuberculosis containing phagosomes to be processed to bactericides. In the case of Fau, binding of its ubiquitin-like domain to p62, which in turn recruits this ribosomal protein precursor to autophagosomes by virtue of binding to Atg8/LC3, was important to deliver this source of bactericidal activity to mycobacterial phagosomes (Ponpuak et al., 2010) . Thus, macroautophagy does not only deliver pathogens for lysosomal hydrolysis, but also charges pathogen containing phagosomes with proteins that give rise to bactericidal peptides after lysosomal hydrolysis.
Apart from intracellular pathogen delivery to lysosomes and bactericidal source protein delivery to phagosomes, macroautophagy seems to also enhance degradation of phagocytosed pathogens ( Figure 3D) . A role for the molecular machinery of macroautophagy in the enhanced fusion of phagosomes with lysosomes was first identified upon TLR2 ligation in the mouse macrophage cell line RAW264.7 (Sanjuan et al., 2007) . However, also in vivo neuroattenuated with decreased lethality and faster virus clearance from the brain. These data suggest that different neurotropic viruses are restricted by macroautophagy in neurons.
In addition to these mouse models, macroautophagy inhibits infection with the RNA virus VSV in flies (Shelly et al., 2009 ). Atg18 deficient Drosophila flies died rapidly after VSV infection. Furthermore, Drosophila uses macroautophagy to also restrict Listeria infection (Yano et al., 2008) . These bacteria replicate to higher levels and kill their host flies after siRNA mediated silencing of Atg5. Moreover, host defense against Salmonella typhimurium infection in the worm Caenorhabditis elegans and the slime mold Dictyostelium discoideum depends in part on macroautophagy (Jia et al., 2009) . SiRNA mediated silencing of Atg6/bec-1 and Atg8/ lgg1 in worms increased their susceptibility to Salmonella infection. Similarly, deficiency in Atg1, 6, or 7 compromised survival of mold to infection by the same bacterial pathogen. In both cases diminished macroautophagy caused higher pathogen burden in the infected hosts. These invertebrate models of infectious diseases, lacking adaptive immunity, argue for a significant innate immune control function by macroautophagy in vivo.
AssocIAtIon between PolyMorPhIsMs In MAcroAutoPhAgy genes And huMAn dIseAse
Although animal models provide strong evidence for the importance of immune mechanisms in vivo, only clinical benefit upon manipulation of these pathways or genetic susceptibilities for diseases located in these pathways provide the final proof that some immune function is crucial for resistance against human pathogens. Along these lines, mutations in the essential macroautophagy gene Atg16L1, and macroautophagy stimulating genes, like immunityrelated GTPase family M (IRGM) and NOD2 (Singh et al., 2006; Cooney et al., 2010; Travassos et al., 2010) , have been described to be associated with inflammatory bowel disease in Crohn's disease patients (Hugot et al., 2001; Ogura et al., 2001; Hampe et al., 2007; Parkes et al., 2007; Rioux et al., 2007; McCarroll et al., 2008) . The modulation of macroautophagy by the respective susceptibility alleles could facilitate the development of Crohn's disease by many mechanisms, which have been more comprehensively summarized elsewhere (Meixlsperger and Münz, 2009; Stappenbeck et al., 2011) . However, with respect to the influence of macroautophagy on innate immune control of commensals in the digestive tract, whose uncontrolled invasion could trigger inflammatory bowel disease, three main mechanisms might be operational. Firstly, macroautophagy might simply restrict commensal bacteria in myeloid cells by directly targeting intracellular bacteria or assisting phagosome maturation of endocytosed extracellular commensals (Sanjuan et al., 2007; Kuballa et al., 2008; Lapaquette et al., 2010) . Secondly, deficiencies in Paneth cells, caused by Atg16L1, which have been observed in Crohn's disease patients could impair innate restriction of commensals at mucosal surfaces (Cadwell et al., 2008 (Cadwell et al., , 2010 . Thirdly, altered macroautophagy could disturb proinflammatory cytokine production in mucosal tissues by up-regulating inflammasome dependent cytokines like IL-1β and down-regulating PAMP delivery for TLR stimulation and TLR dependent cytokine production, which then in turn would limit commensal invasion (Lee et al., 2007; Saitoh et al., 2008) . Although the exact mechanisms, by which the mutations in Atg16L1, IRGM, and NOD2 facilitate eral pathways of immune escape from autophagy by pathogens and discuss examples below, for which in vivo evidence for the importance of these has been gained. While DNA viruses, like Herpesviruses, seem to preferentially inhibit autophagosome formation, RNA viruses like HIV and influenza A virus seem to block autophagosome fusion with lysosomes (Gannage et al., 2009; Kyei et al., 2009; Gannage and Münz, 2010; Taylor et al., 2011) . In addition, some bacterial pathogens interfere with engulfment by macroautophagy by either blocking bacterial protein recognition or covering themselves with cytosolic host cell proteins (Ogawa et al., 2005; Yoshikawa et al., 2009 ). Finally, membrane pore formation and/or bacterial secretion systems, which inject modulators of cellular physiology through endosomal membranes into the cytosol, seem to be required to arrest maturation of bacteria containing amphisomes, born from phagosome fusions with autophagosomes (Celli et al., 2003; Birmingham et al., 2008) . Therefore, both viral and bacterial pathogens have developed strategies to evade macroautophagy, arguing for the potency of innate restriction by this pathway and of its effector functions discussed above.
In vIvo restrIctIon of PAthogen InfectIon by MAcroAutoPhAgy
Due to the complexity of immune control mechanisms, it is often difficult to assign in vivo phenotypes to particular immune responses without underlying effects in immune compartment development and survival. Accentuated by the well documented pro-survival role of macroautophagy (Kuma et al., 2004) , this is also an issue in case of infections and their immune control in mice with deficiencies in macroautophagy. Moreover, since macroautophagy assists both innate and adaptive immunity (Münz, 2009) and macroautophagy clearly assists T cell development and T cell mediated immune responses in vivo (Pua et al., 2007; Nedjic et al., 2008; Lee et al., 2010) , the contributions of innate and adaptive pathogen restriction mechanisms via macroautophagy in vertebrates still remain to be investigated in detail in in vivo infections. However, two experimental systems have been analyzed in detail with respect to innate immunity to viral infections via macroautophagy in mice. These investigated neurotropic infections with the RNA virus, Sindbis Virus (SV) and the DNA virus Herpes simplex virus (HSV; Orvedahl et al., 2007 Orvedahl et al., , 2010 . Intracerebral inoculation with SV causes autophagosome accumulation in neurons, and mortality of infected mice is increased when macroautophagy is inhibited by either delivering a dominant negative Atg5 protein with the virus, expressing cre recombinase with recombinant SV for deletion of floxed Atg5 in infected cells or neuron specific deletion of Atg5 (Orvedahl et al., 2010) . Although CNS viral titers were not increased under these conditions, infection induced protein aggregate formation probably led to increased pathology and delayed virus clearance. In addition, overexpression of Atg6/ Beclin-1 in neurons protects mice from lethal intracerebral SV infection (Liang et al., 1998) . In contrast to increased neuropathology of SV infection without significant elevation of viral titers in the absence of macroautophagy, HSV inhibits macroautophagy to sustain high viral titers and neurovirulence (Orvedahl et al., 2007) . For this inhibition HSV encodes the ICP34.5 protein, which contains a domain that inhibits macroautophagy through binding to Atg6/Beclin-1. Deletion of this domain renders HSV (Hara et al., 2006; Komatsu et al., 2006) , and fight cancer (Mathew et al., 2009) . Therefore, it would be desirable to develop therapeutic approaches to modulate macroautophagy in infectious and these other diseases. However at the moment we have very few pharmacologic substances like rapamycin, most of them with significant side effects, to regulate macroautophagy. If more specific modulators could be identified this pathway could be harnessed to increase innate immunity among other benefits. the development of Crohn's disease, still need to be characterized in more detail, the association of mutations in these genes strongly argue for an immune modulating function of this ancient catabolic pathway.
conclusIon
The multitude of studies summarized in this review that implicate macroautophagy in pathogen restriction, escape of successful pathogens from this pathway, and genetic susceptibility to human disease due to mutations in it, suggests that macroautophagy plays a crucial role in both maintenance of our coexistence with gut commensals and resistance to infections. Apart from this roles, macroautophagy regulation could counteract consequences of aging (Zhang and Cuervo, 2008) , ameliorate neurodegeneration
